Drinking-water treatment sludge (DWTS) is a by-product generated during the production of drinking water where iron hydroxides are the main component of the sludge. The aim of the study presented here was to determine the effectiveness of using ferric sludge from two underground water treatment stations to remove orthophosphates from a model solution. The analyses were performed in static conditions. The sludge was dosed in a dry and suspended form. Using sludge dried at room temperature and preparing the suspension again proved to be much less effective in orthophosphate removal than using a suspension brought directly from the station. An increase in process effectiveness with a decreasing pH was observed for all the analysed sludge. Due to the low cost and high capability, DWTS has the potential to be utilised for cost-effective removal of phosphate from wastewater.
INTRODUCTION
Waste containing iron and aluminium has been more and more frequently used to purify water and sewage. This tendency indicates the need to utilise valuable waste, which can help to reduce the operating cost of water and sewage treatment plants. Diverse materials have been examined with a view to being used for this purpose. They include: fly ash, blast furnace slag, red mud, spent alum sludge, aluminium-and iron-rich residues, mineral processing industry waste, as well as iron-modified natural zeolites and titanium white production waste, which is used for production of a popular coagulant (Zeng et al. ; Piaskowski ) . Iron and aluminium compound recycling is quite commonly employed for post-coagulation sludge in surface water treatment, where it reduces the operating costs of water production (Babatunde et al. ) . Also, washings generated during ground water treatment are rich in iron compounds. However, its potential has only begun to be exploited. For example, in the process of drinking water production in Germany, about 40,000 tonnes/year of dry matter of iron oxide is produced (Oberacker et al. ), and 12,500 tonnes a year of hydrated iron sludge is produced in the Netherlands. Such sludge can successfully replace industrial coagulants (Piaskowski ) . Many studies have indicated that iron and aluminium sludge can be used in wastewater treatment processes. It can be used to remove phosphorus from sewage in the process of adsorption or chemical precipitation, to remove organic substances and suspension from wastewater, to control activated sludge bulking as well as in-sludge digestion and to improve its drainage properties (Guan et al. ; Razali et al. ; Song et al. ) . In recent years, a growing tendency has been observed in a number of studies of removal of various impurities, such as ClO 4 -, Se,
As, by sorption on water treatment sludge (Gibbons & Gagnon ; Ippolito et al. ) . Practical application of drinking-water treatment sludge (DWTS) requires specification of the process conditions that will ensure the best effect. Many studies disregard the important aspect of the form of the sludge in which it is used. This paper presents the results of static studies of orthophosphate removal from a model solution, in which underground water treatment sludge was employed. The study has determined the process effectiveness of the sludge used as a hydrated suspension, originally in a water treatment plant, and in a loose form, i.e. after being dried. Determination of the conditions and process effectiveness of DWTS will allow one to specify its practical uses in sewage treatment technology.
METHODS
The DWTS used in the study was taken from the backwash water sedimentation tanks of two underground water treatment plants. The plants operated in a system comprising aeration and gravity filtration on silica sand beds. The basic chemical analysis of the sludge was performed by flame atomic absorption spectrometry (FAAS) for the grain fraction <0.75 mm. The microstructure and morphology of the sludge surface was observed under a scanning electron microscope (SEM) (JSM 5500LV). The washout capacity was determined in static conditions in 250 mL flasks (jar-test). Weighed amounts of sludge were put into flasks containing distilled water and stirred on a shaker (130 rpm) for 1-24 hours. The samples were subsequently centrifuged (10,000 rpm, t ¼ 15 min), and physical and chemical analyses were performed in the supernatant. The orthophosphate removal process was conducted in the same manner for a model solution of orthophosphates. The solution was obtained by dissolving a specified amount of KH 2 PO 4 in distilled water until the desired concentration, ranging from 20 to 100 mgP L À1 , was achieved. Orthophosphates at such concentrations are present in communal waste and in sludge liquor from sludge management processes. The kinetics of orthophosphate removal was examined over 0.25-24 h; the effect of the sludge dosewithin a range from 0.5 to 10 g L À1 and the effect of initial pH within a range from 3 to 10. pH was adjusted before sludge dispensing with solutions of HCl and NaOH. Orthophosphate concentration was determined by the colorimetric method. In order to find the optimum conditions for using sludge in the orthophosphate removal process, it was used in two forms: primarily hydrated and dried at room temperature. It was then used to prepare a suspension based on distilled water or a model solution with the required concentration.
RESULTS AND DISCUSSION

Sludge characterisation
The sludges taken from two water treatment stations show differences in chemical characteristics, which is associated with the raw water parameters and station operation. Both stations jointly supply water to a city with a population of 110,000, but they use different underground water resources. Station I with the water intake is located in the city (water output in 2,011-2.8 million m 3 ) and the raw water contains high concentrations of iron and manganese (2.01 mgFe L À1 and 0.25 mg Mn L À1 ). Station II is situated outside the city, and the water intakes are located along the lakeshore, which directly affects its quality (0.25 mgFe L À1 and 0.10 mgMn L À1 ). Iron and manganese content in the treated water in both stations was lower than 0.02 mg L À1 . The highest acceptable values are 0.20 mgFe L À1 and 0.05 mgMn L À1 . The composition of the raw water immediately affects station operation. Filters in station I are washed every 24 h; those in station II every 72 h. The resulting washings are transferred to decanters, and the hydrated sludge is periodically transported to a sewage treatment plant. Every year, approximately 5 970 kgFe is produced from waste iron washings in station I and 1,173 kgFe in station II. Chemical analysis of the sludge revealed the following composition: for sludge I: 291 mgFe/g dm , 72.61 mgMn/g dm , 17.36 mgCa/g dm , 0.55 mgMg/g dm , and for sludge II: 331 mgFe/g dm , 25.32 mgMn/g dm , 18.81 mgCa/g dm , 0.71 mgMg/g dm . Sludge I contained approximately 12% less iron ions and nearly three times more manganese. The weight Fe/Mn ratio in sludge I was equal to 4.0 (while the ratio for raw water was ¼ 8.0), whereas the ratio in sludge II was equal to 13.3 (Fe/Mn in raw water ¼ 2.5). The differences in the value of the Fe/Mn ratio for raw water and sludge are a result of the raw water quality and the adopted filtration technology (double-layer beds in station II and mono-layer beds in station I) and beds washing. A large increase in the Fe/Mn ratio for sludge may have been a consequence of effective formation of permanent catalytic coating on the bed by manganese. As a result, the iron/ manganese ratio in the washings increased. The presence of Mn in the sludge may cause increase of orthophosphate removal efficiency from solution. Especially at pH < 5 there is an excess of Mn(IV) which has a positive surface charge and forms stable complexes with PO 4 3À ions. The chemical composition of sludge also affected the microstructure and morphology of the sludge surface. Analyses of SEM images of dried sludge (Figure 1 ) showed the higher porosity of sludge I. The sludge was easily de-caked and sieved after being dried. Chemical analyses of sludge II showed a much higher Fe/Mn ratio; therefore, it formed a darker, more compact structure. After being dried, it required grinding to form the desired grain structure. The calcium and magnesium content in the sludge was also analysed; it was similar in both sludge types, with the calcium ion content much higher than that of magnesium. An analysis of washout capacity was performed in order to determine ion migration from sludge to solution. After adding sludge to distilled water, it formed a suspension, which could be separated by centrifuging. Analyses of the centrifuged liquid showed similar buffering properties of sludge I and II in both forms. The pH value changed to the greatest extent during the first hour of mixing. Using sludge in a solution in a broad range of pH from 3 to 9 stabilised the parameter at a level close to neutral. Adding the sludge to a solution at pH 3 increased the parameter value to 6.5-7.0 (for the dose of 5 g L À1 ). Conversely, in the alkaline solution at pH ¼ 9, it was seen to decrease to 7.0-7.5. Depending on pH, specific conductivity also changed after sludge addition. It increased within the pH range from 5 to 9, which was a consequence of ion migration from the sludge to the solution. This trend was growing for sludge I and for dried sludge. The effect of the sludge dose on specific conductivity without pH adjustment is shown in Figure 2 . However, a reverse relationship was observed for pH ¼ 3. The initial value of specific conductance for all sludge decreased from 1.186 mS cm À1 (after pH adjustment with HCl) to 0.4-0.5 mS cm À1 after 24-hour contact with the sludge. The result was obtained for the entire scope of the sludge dose 1-10 g L À1 . This tendency may have been a consequence of the presence of positively charged aqua-complexes of iron, autocoagulation and the physicochemical properties of the sludge surface. At low pH values, the sludge surface is positively charged. Iron ions are easily hydrolysed with formation of hydroxocomplexes, which form an adsorption surface for colloids and other ions. A decrease in pH is accompanied by an increase in the amount of calcium ions migrating from the sludge. When the pH decreased from 5.4 to 3.0, concentration of calcium ions in the solution increased from 14-24 to 54-66 mgCa L À1 after 24 hours of contact and at a sludge dose of 10 g L À1 . Dried sludge proved to contain slightly more calcium ions than primarily hydrated sludge. Those dependencies were verified using real supernatant liquid from sewage sludge treatment. Buffering properties of ferric sludge in the acidic environment at pH ¼ 3 were confirmed. While at pH ¼ 9 only a slight decrease was observed. Specific conductivity decreased in both cases.
Orthophosphate removal
Determination of the effectiveness of iron sludge in the process of dephosphatation was preceded by analysis of the kinetics of orthophosphate removal. The highest process effectiveness was observed during the first 15 min of the reaction. The orthophosphate removal rate for dried sludge was equal to 3-4 mgP g dm À1 for an initial concentration of 50 mgP g dm À1 and 1.7-2.4 mgP g dm À1 for an initial concentration of 20 mgP L À1 (Figure 3(a) ). The time of contact in further experiments was adopted as 4 hoursoptimal for the adsorption of orthophosphate by the dry sludge. No significant differences in the dynamics of orthophosphate removal between sludge I and sludge II were observed. Despite the differences in the chemical composition, drying of sludges had an impact on reduction of differences in adsorption efficiency. As a result of drying, Fe and Mn hydroxides transform into oxides, and these oxides show smaller hydratation properties and smaller physicochemical activity even after re-hydratation. A much higher effectiveness within a shorter time was achieved for primarily hydrated sludge (Figure 3(b) ), which indicated higher chemical activity of this form. In the hydrated ferric sludge, Fe and Mn hydroxides are present. They form active sorption surfaces. Depending on the quantity of manganese, the ferric sludge may have a positive or negative charge. A larger percentage of Mn in sludge I increases the possibilities of forming stable complexes with PO 4 ions, especially at pH < 5, at which the surface charge of Mn hydroxides is positive. The sorption capacity of hydrated sludge is greater, thereby removal of orthophosphate increases. Therefore, a higher orthophosphate effectiveness was recorded for sludge I. With an initial concentration of 50 mgP L À1 and a contact time of 15 min, a phosphorus removal rate of 17 mgP g dm À1 was achieved, whereas for sludge II it was 11 mgP g dm À1 . The difference decreased with increasing contact time. Considering the small further increase in process effectiveness, a reaction time of 2 hours was adopted for the primarily hydrated sludge. As compared with dried sludge, much better results of orthophosphate removal were achieved. For example, with an initial concentration of 50 mgP L À1 , the phosphate removal rate after 24 h of contact was equal to 6 mgP g dm
À1
for dried sludge and approximately 20 mgP g dm À1 for primarily hydrated sludge.
An analysis of the effect of the initial concentration of orthophosphates and sludge dose enabled us to determine the relationship: an increase in the initial concentration was accompanied by an increase in the effectiveness of orthophosphate removal per unit dry sludge mass. That dependence is typical for the sorption process. Increase in the initial concentration increased contact of the PO 4 À3 ions with active centers of the ferric sludge. Due to the smaller possibility of contact at low concentrations of orthophosphates, adsorption did not reach saturation point. The amount of ferric sludge added into the solution determined the number of binding sites available for adsorption (Zeng et al. ) . Owing to the small differences in process effectiveness between sludge I and II, it was possible to group the results shown in Figure 4 , mainly indicating the differences between primarily hydrated and dried sludge. For example, the effectiveness of orthophosphate removal by hydrated sludge within a dose range from 1 to 10 g L À1 ranged from 22 to 9 mgP g dm À1 . The value for dried sludge ranged from 11 to 6 mgP g dm À1 (for an initial concentration of 100 mgP L À1 ). Orthophosphate removal efficiency decreased with increasing dose of adsorbent. That could be a result of increasing pH value and reactions competitive to the adsorption of orthophosphates. Except for the initial concentration and the sludge dose, orthophosphate removal effectiveness significantly depends on the model solution pH. Adsorption is highly dependent on pH and the surface charge of the ferric sludge corresponds to a pH change. The orthophosphate adsorption on the ferric sludges tended to increase with an decrease of pH (Razali et al. ) . Hydrated iron oxides (Fe 2 O 3 ·H 2 O) and manganese oxides which precipitate in the water treatment process have amphoteric properties. Iron ions are easily hydrolysed and hydroxo complexes are formed, which provide an adsorption surface for colloids and other ions. The characteristics of the iron sludge surface (surface charge) change, depending on the pH value. When the pH is lower than 7, an excess positive charge is formed; an increase in pH and, consequently, an increase in OH-ion concentration results in the formation of negatively charged hydroxocomplexes. A positive surface charge would indicate the presence of unsatisfied surface charge that is neutralised by the orthophosphate ions. At low pH, the surface hydroxyl groups are protonised and -OH 2þ is easier to replace at the binding sites compared with the hydroxyl groups. This affects the effectiveness of adsorption and changes the iron speciation. Iron can be partly dissolved and reduced; as a consequence, its chemical reactivity can increase (Dimitrakos Michalakos et al. ; Zeng et al. ; Tekerlekopoulou et al. ) . Additionally, process effectiveness was affected by the presence of ions migrating at low pH values from the sludge to the solution. This particularly applies to Ca ions, which may have participated in precipitation of orthophosphates.
The results of the analysis of the effect of pH on orthophosphate removal by sludge ( Figure 5 ) indicate a considerable increase in process effectiveness with the decreasing pH of the model solution. The tendency was observed both in dried and primarily hydrated sludge. The effectiveness of orthophosphate removal increased for dry sludge from 5 mgP g dm À1 at pH ¼ 7 to 13 mgP g dm À1 at pH ¼ 3.
For hydrated sludge, the value increased from 13 to 20 mgP g dm À1 within the same pH range and an initial concentration of 50 mgP L À1 . No significant differences in the effectiveness between sludge I and sludge II were observed.
CONCLUSIONS
The results of this experiment have shown some potential for the use of DWTS in physical dephosphatation processes. The use of ferric sludge may help decrease costs of disposal, together with practical application for the removal of increased amounts of phosphorus from sludge management processes. The ferric sludge does not contain any harmful substances, due to its origin (underground water). It is a free waste. Use of ferric sludge without any processing is simple and cheap and a primarily hydrated sludge is much more effective at orthophosphate removal. However, the properties of ferric sludge and its effectiveness require verification using real wastewater and supernatant liquid from sludge management. The author is currently conducting such research. Only then, along with an economic evaluation will it be possible to determine their practical application. 
